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INTRODUCTION
Mechanical exfoliation has paved the way to study a vast family of 2D materials isolated by cleavage of bulk layered parent crystals, such as graphene and molybdenum disulfide (MoS2). 1, 2 Although this technique has proven to be a very effective method to produce high quality 2D materials for fundamental research, the development of large scale synthesis methods is a crucial step towards their application in electronic and optoelectronic devices. In fact, the isolation of a new 2D material by mechanical exfoliation is usually followed by the development of new large scale synthesis techniques like chemical vapor deposition (CVD) or molecular beam epitaxy (MBE). 3, 4 Molybdenum trioxide nanosheets (MoO3) have been recently isolated by mechanical exfoliation of bulk α-MoO3 layered crystals. 5 MoO3 is a relatively low-bandgap oxide (>2.7 eV) making it very attractive for applications requiring a transparent material in the visible part of the spectrum, 6 and for devices such as field effect transistors and photodetectors. [7] [8] [9] However, a method for the large scale synthesis of this novel 2D material is still not well established.
Here we report, for the first time, the synthesis of large-scale (centimeters in lateral dimensions) and highly-oriented ultrathin (1.4 nm to few nanometers) MoO3 layers, grown by an atmospheric pressure, van der Waals epitaxy growth using muscovite mica as a target substrate. We demonstrate that the as-grown MoO3 crystals can be easily transferred to an arbitrary substrate (e.g. SiO2, Au, Pt, quartz, polydimethylsiloxane). Through extensive characterization including X-ray photoelectron spectroscopy (XPS), low energy electron diffraction (LEED) and microscopy (LEEM), Raman spectroscopy, transmission and absorption spectroscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM), we show that the resulting material is of high quality and suitable for device fabrication. To our knowledge, we also present the first calculations of the This is the post-peer reviewed version of the following article: A.J. Molina-Mendoza et al. "Centimeter-scale synthesis of ultrathin layered MoO3 by van der Waals epitaxy" Chem. Mater., 2016, 28 (11) , pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505 4 band structure of MoO3 by density functional theory finding that the bulk material shows a similar band structure to that of the ultrathin material. We employ the grown MoO3 crystals to fabricate UV-photodetectors, demonstrating that our synthesis and transfer method enables the fabrication of large-area devices. Finally, the grown MoO3 crystals are also used as an electron acceptor in a mechanically exfoliated MoS2-based field-effect transistor to create an open circuit voltage.
RESULTS AND DISCUSSION
MoO3 is a layered semiconductor with a crystal structure that belongs to the space group Pbnm with the unit cell parameters listed in Table 1 (JCPDS file: The MoO3 crystals are grown in air using a modified hot plate method. 10, 11 This method, based on just placing a molybdenum foil together with a target substrate on a hot plate, is much easier and faster than other large-scale synthesis methods like the above-mentioned CVD or MBE, which require complex setups, controlled atmospheric conditions and higher temperatures than the method used here. We illustrate this process in Figure 2 : a single piece of molybdenum foil (99.95% purity) is placed on a pre-heated hot plate at 540 ºC. Directly after placing the molybdenum foil on the hot plate, the target substrate used for growing the crystals is placed on This is the post-peer reviewed version of the following article: A.J. Molina-Mendoza et al. "Centimeter-scale synthesis of ultrathin layered MoO3 by van der Waals epitaxy" Chem. Mater., 2016, 28 (11), pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505 5 top, in contact with the molybdenum foil on the hot plate, and the system is kept in this configuration for 10-60 minutes (depending on the desired thickness of the film). During this time, the molybdenum foil surface oxidizes creating a thin layer of MoO3. At 540 ºC the molybdenum oxide sublimates, resulting in the deposition of MoO3 on the surface of the target substrate that is at a slightly lower temperature than the molybdenum foil. Then the substrate is removed from the molybdenum foil and quenched at room temperature. This procedure can also be performed by heating a bulk MoS2 flake instead of the molybdenum foil.
In the last few years there have been attempts to control the orientation of MoO3 crystals during growth by changing the target growth substrate with relatively low success. 11 Here we have used mechanically exfoliated muscovite mica (referred to as mica hereafter) with an exposed (001) surface as the target substrate to fabricate highly oriented and extended MoO3 layers. Figure 3 shows artistic representations of MoO3 crystals grown on mica and SiO2 (3a and 3b, respectively), as well as corresponding optical microscopy images of MoO3 crystals grown on mica and SiO2 (3c and 3d, respectively). It is important to stress that the thickness of the material is not completely homogenous and it usually ranges between 1.4 nm and 4 nm (although in some small areas it can reach 100 nm), as it will be discussed later in the AFM characterization section.
When the target substrate is SiO2 (a highly-corrugated substrate with an abundance of danglingbonds) thick and randomly oriented hexagonal MoO3 crystals are grown. 5, 11 When the target substrate is mica, on the other hand, we obtain nanometer-thin α-MoO3 in elongated crystals with a hexagonal shape in the ab plane, aligned parallel to the substrate surface and along a welldefined direction matching the symmetry of the mica surface. In fact, the cleaved (001) mica surface provides a dangling-bond-free and thus chemically inert surface that enables epitaxial This is the post-peer reviewed version of the following article: A.J. Molina-Mendoza et al. "Centimeter-scale synthesis of ultrathin layered MoO3 by van der Waals epitaxy" Chem. Mater., 2016, 28 (11), pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505 6 growth by the so-called van der Waals epitaxy growth method. 12 Note that, unlike in conventional epitaxial growth, when a layered material is grown onto another layered material the lattice matching condition is drastically relaxed. [13] [14] [15] [16] [17] The weak van der Waals interaction with the MoO3 reaching the surface during growth facilitates the diffusion of the MoO3 gas on the surface, forming extended layers and hexagonal crystals of α-MoO3 parallel to the mica basal plane since the in-plane interaction (chemical bonds) is stronger that of the out-of-plane interaction (van der Waals). On the other hand, when there are defects like dangling bonds or corrugation in the target surface (like in SiO2), the interaction between the MoO3 and the surface may be strong enough to stop the diffusion of the MoO3 over the surface and thus the growth can take place in any direction and with a morphology given by unimpeded growth of the crystals faces. 18 This results in the growth of crystals with different morphologies depending on the target substrate, for example, when MoO3 is grown on mica, the crystals present an elongated hexagonal shape (with two sides of the hexagon longer than the rest), while the crystals grown on SiO2 present a regular hexagonal shape. By passivating the dangling bonds at the surface of other materials MoO3 can be also grown onto 3D materials by van der Waals epitaxy. For example, we also observed the growth of MoO3 on the TiO2 terminated surface of (001) SrTiO3
(STO) substrates, this results in elongated hexagonal structures oriented along the [100] and
[010] axis of STO (see Figure S1 of the Supporting Information). We also demonstrate that the MoO3 can be grown on exfoliated mica flakes deposited on a SiO2 substrate prior the growth process (see Figure S3 of the Supporting Information) By this process we are able to synthetize MoO3 layers on the scale of tens of millimeters in lateral dimensions, finding regions of hundreds of micrometers with homogenous thicknesses (from ~1 nm to ~4nm). Thicker hexagonal crystals (tens of nanometers) with a surface of ~10 7 µm x 10 µm can also be found distributed on the extended thin layer. The MoO3 extended layers can easily be grown on a larger scale (more than centimeters) by simply using a larger piece of molybdenum foil and mica substrate.
Once the growth is finished, i.e., the MoO3 crystals have covered most of the substrate, it is possible to easily separate the as-grown MoO3 from the mica substrate using the following procedure (illustrated in Figure 4 ): a viscoelastic polydimethylsiloxane (PDMS) stamp (Gelfilm® from Gelpak) is placed on the substrate in contact with the MoO3. Subsequently, the whole stack (PDMS/MoO3/mica) is placed into a mili-Q water bath by gently peeling off the edge of the PMDS in order to permit the water is to enter between the PDMS and the mica. Due to the hydrophilic nature of mica, the water immediately penetrates between the MoO3 and the mica substrate, completely separating the PDMS/MoO3 from the mica. By this process, the MoO3 remains adhered to the PDMS that floats at the air/water interface (see Figures S4 and S5 in the Supporting Information for photographs and optical microscopy images of MoO3 on mica and on PDMS), while the mica substrate falls down (sinks) to the bottom of the water bath. It is then possible to transfer the MoO3 from the PDMS surface to a selected substrate using the previously reported method of deterministic transfer of 2D materials. 19 In Figure 5 we show MoO3 crystals grown on mica ( Figure 5a ) and then transferred to a SiO2 substrate (Figure 5b ).
Because mica is a transparent material, it is very difficult to optically identify the thin material that has grown on its surface, and only the thicker crystals are visible. Once the MoO3 is transferred to another substrate which gives higher contrast due to multiple internal reflections, such as SiO2, 20, 21 we find that large-scale nanometer-thin MoO3 layers are grown on the mica terraces ( Figure 5c Chem. Mater., 2016, 28 (11), pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505
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To further characterize the crystal structure of the grown material, we perform Raman spectroscopy measurements (λexc = 633 nm, Figure 7b ) on the large-scale layer shown in Figure   5c (MoO3 transferred to SiO2). We observe peaks in the region from 1000 to 660 cm -1 , which are attributed to Mo-O stretching peaks in the region from 470 to 280 cm -1 ,Mo=O bending and peaks in the region from 250 to 100 cm -1 , and Mo-O-Mo deformation modes. 24, 25 Raman spectra allows to easily distinguish MoO3 from MoO2 as they present differing resonance peaks. 26 The XPS and Raman spectra, give a clear proof that the grown material is pure α-MoO3. Chem. Mater., 2016, 28 (11), pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505 10 mica substrate. The ratio of the in-plane reciprocal lattice parameters obtained from the LEED pattern is a/b =1.22 in main directions, while from the other direction (rotated 58º) the ratio is 1.16, consistent with the orthorhombic α polymorph. This experimental ratio for the surface lattice is larger than the bulk value of a/b=1.06. This enhanced in-plane anisotropy could be due to the interaction with the underlying mica substrate during growth, but a detailed analysis of this observation should be carried out in future works as it falls out of the scope of the present manuscript.
The optical properties of the grown material have been investigated by absorption spectroscopy measurements as well as density functional theory (DFT) calculations of the band structure. For the absorption spectroscopy measurements, the as-grown MoO3 layer is transferred to a quartz substrate (selected because of its high transparency in the VIS-UV range), which has also been also measured prior to MoO3 deposition (Figure 9a ). The spectrum shows a sudden drop to almost cero absorption for energies lower than 2 eV (wavelengths larger than 620 nm), meaning that the material remains transparent for visible light but absorbs in the UV. The inset of Figure   9a shows the transmission spectra of the as-grown material on mica, in good agreement with the absorption spectra acquired on quartz. These results indicate that the bandgap of the material should be between 2 eV and 3 eV.
To gain understanding of our experimental findings we compare with density functional theory (DFT) calculations of both bulk and monolayer MoO3. Our structural relaxations, obtained using the PBEsol functional, yield in-plane lattice constants within 2% error with respect to the bulk experimental values (see Table 1 ) , 27, 28 and a negligible difference between bulk and monolayer structures. Electronic structures calculations carried out over the relaxed structures were calculated using the TBmBJ scheme, yielding similar band structures between monolayer and This is the post-peer reviewed version of the following article: A.J. Molina-Mendoza et al. "Centimeter-scale synthesis of ultrathin layered MoO3 by van der Waals epitaxy" Chem. Mater., 2016, 28 (11), pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505 11 bulk. This is indeed confirmed by our calculations of the band structure, using the Tran-Blaha modified Becke-Johnson (TB-mBJ) functional that correctly describes the band gap of a wide variety of insulators (see Figure 9b for bulk MoO3 and Figure 9c for the monolayer). 29 Both for bulk and monolayer, we obtain an indirect (M-Gamma) bandgap of 2.2 eV and a higher energy direct gap at Gamma point of 3.3 eV. Therefore unlike most studied 2D semiconductors, where the reduction of the thickness is usually followed by a sizeable increase of the bandgap due to quantum confinement in the out-of-plane direction, bulk MoO3 has a monolayer-like band structure. We address the reader to Figure MoO3 crystal on the source electrode of the MoS2 FET (van der Waals heterostructure). The result is a depletion of the electron charge carriers in the device that causes an increase in the work function. 39 The charge transfer in one of the electrodes in an MoS2 FET can result in the creation of different Schottky barriers for each electrode. 40 When the FET is illuminated in order to study the photoresponse of the device, the electrons in the electrode with higher hole density This is the post-peer reviewed version of the following article:
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MATERIALS AND METHODS
MoO3 crystals growth: a molybdenum foil (99.95% purity) is used as material source and muscovite mica as target substrate. The growth is carried out on a thermo scientific hot plate in air (room temperature and ambient conditions) by a modified hot plate method. 10, 11 The growth temperature is set to 540 ˚C before starting the process and kept at that temperature during the whole procedure. The time can vary depending of the quantity of material, but the results shown in the main text are obtained after 20 minutes of growth. The target substrate, i.e., the mica is then removed from the hot plate and quenched during 2-3 minutes on a glass slide.
MoO3 crystals transfer to other substrates: a polydimethylsiloxane (PDMS) stamp (Gelfilm® from Gelpak) is used to hold the grown material once it is separated from the target substrate (mica). Mili-Q water in a pyrex beaker at room temperature is used as bath to separate the grown material from the target substrate. Once the PDMS stamp is taken out of the bath, it is blow dried with N2 gas. The material is then transferred to a selected substrate using a deterministic transfer setup. The core level spectra were fitted to mixed Gaussian−Lorentzian components; all the binding energies are calibrated using the Au 4f core level of the substrates as reference. Raman spectra were acquired on a Bruker Senterra confocal Raman microscopy instrument, using 633 nm laser This is the post-peer reviewed version of the following article: A.J. Molina-Mendoza et al. "Centimeter-scale synthesis of ultrathin layered MoO3 by van der Waals epitaxy" Chem. Mater., 2016, 28 (11), pp 4042-4051 DOI: 10.1021/acs.chemmater.6b01505 Which has been published in final form at: http:// http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.6b01505 16 excitation. Micro diffraction measurements were done at the LEEM microscope (Elmitec, GmbH) in operation at ALBA synchrotron (Barcelona, Spain). 41 The instrument combines real space imaging (LEEM) and diffraction (LEED). Using micro-LEED mode we restricted to circular regions of 5 µm diameter, allowing to choose a homogeneous area (same thickness or chemical composition) of the molybdenum oxide crystallites. Absorption spectra were acquired on an Agilent-Cary 5000 UV-VIS-NIR spectrophotometer. Atomic force microscopy (AFM) characterization was done using a (Digital Instruments D3100 AFM) operated in the amplitude modulation mode. Transmission electron microscopy (TEM) images were obtained with JEOL-JEM 3000F (1.7 Å resolution) instrument operating at 300 kV. Scanning electron microscopy (SEM) images were obtained with Zeiss EVO HD15 instrument operating at 25 kV.
Density functional theory calculations:
DFT calculations were performed using Quantum Espresso 42 and Elk. 43 Structures for bulk and monolayer MoO3 were fully relaxed with Quantum Espresso with PAW pseudopotentials and PBEsol 44 exchange correlation functional. With the relaxed structures, all electron calculations were performed with Elk, using the TB-mBJ potential, 29 specially suitable for accurate bandgap calculations. The optical spectra was calculated with RPA without local contributions in the q→0 limit as implemented in Elk, using a 20x20x1 kmesh for monolayer and 10x10x6 for bulk. The system is kept in this configuration for some time while the molybdenum surface oxidizes and deposits material on the substrate. The substrate is then removed and quenched at room temperature. Figure 4 Schematic drawing of the method used to transfer the as-growth MoO3 crystals from mica to another substrate. A PDMS stamp (Gelfilm® from gelpak) is placed on the MoO3/mica sample, sandwiching the MoO3 material between the mica substrate and the PDMS stamp. The whole set (PDMS/MoO3/mica) is then introduced in a Mili-Q water bath and the stamp is slightly peeled off at one of the corners. As the water enters in between the PDMS stamp and the mica substrate, the mica immediately separates from the PDMS stamp and the MoO3 deposited material due to its hydrophilic behaviour, leaving all the MoO3 material attached to the PDMS stamp. After blow drying with N2, the MoO3/PDMS is ready to be transferred to the desired substrate.
This 27, 28 Note that van der Waals correction has a sizable influence in the c parameter in the bulk structure, as has previously shown in Ref. 46 . In comparison, in monolayer calculations the effect of Van der Waals correction is negligible, due to the stronger bond within the layers.
parameter a = 0.3905 nm. The polished surface of (001) substrates presents a mixture of both possible terminations SrO and TiO2 planes and rough step edges. In order to obtain the TiO2 surface terminated substrate with straight step and terrace structure shown in Figure S2 we followed a standard etching-annealing procedure. 1 The substrates were ultrasonically soaked in demineralized water for 10 min followed by a dip during 40 sec in a buffered HF solution 
Optical conductivity calculations of MoO3
In order to compute optical absorption, we compute the optical conductivity of MoO3 using the Random Phase Approximation (RPA) in the q→0 limit, starting from the TB-mBJ potential calculation. The resulting optical spectra (plotted in Figure S9a) shows the same trend as the band structure calculations, i.e., there is no much difference in the optical absorption between monolayer and bulk at this level of approximation. The analysis of the density of states ( Figure S9b 
